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Manifestations of Nonlocal Exchange, Correlation, and Dynamic Effects in X-Ray Scattering
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We report precise measurements of differential x-ray scattering cross sections in Ne and He from 11—
22 keV and develop a method for obtaining predictions of comparable accuracy (1%). The measurement
of ratios (total scattering in Ne to He and Compton to Rayleigh scattering in Ne) facilitates comparison
to theories. We find evidence for the need to include nonlocal exchange, electron correlation, and
dynamic effects for an accurate description at l@dwand conclude that no single current theory is
sufficient. [S0031-9007(98)06921-X]

PACS numbers: 32.80.Cy, 07.85.—m

The use of x rays has been of fundamental importancecattering. This theory has not been as extensively tested
in a number of fields, from demonstrating the validity of against measurements. In both cases, the emphasis has
the quantum theory of radiation [1] to determining macro-been on an accurate description of the photon-atom interac-
molecular structures such as DNA [2]. Recent advanceSon. The main approximations are made in the description
in experimental techniques, such as the use of moderof the atom, which is assumed to be spherically symmetric
synchrotron sources that permit accurate experimentsnd with the electron-electron interactions included only
with well-defined initial conditions, coupled with similar within the independent particle (IPA) and local exchange
advances in theory, such as the development of comput@pproximations.
codes that calculate the relativisiematrix, now make it Simpler predictions for these cross sections can be
possible to perform precision investigations necessary tobtained by calculating form factors (FF) for Rayleigh
probe details in the description of atomic x-ray scatteringscattering, and Compton profiles, using the impulse ap-
Among the phenomena that have recently been inproximation (IA), and incoherent scattering factors [(ISF),
vestigated are the need for multipoles in describingvhich include the Raman channel] for Compton scattering.
photon-atom interactions [3] and the effects of electroriThese theories are derived from threterm of the nonrela-
correlations on atomic processes ([4], and referencesvistic Hamiltonian[H;,, = (1/2mc?)e’A%> — (e/mc)p -
therein). In this Letter we describe the need for nonlocalA]. Such calculations can be performed using bound state
effects in describing x-ray scattering, even at relativelywave functions in a nonrelativistic local central potential
high energies, and confirm the need for inclusion of elec{e.g., FF [9] calculated using Hartree-Fock-Slater wave
tron correlation and dynamic effects. In obtaining thesdunctions [10]), or with greater sophistication for the rela-
results, we performed the first experimental decompositiotivistic case (modified form factor, MFF [11]), or including
of Compton scattering from Rayleigh scattering in freeeffects which go beyond the IPA. Examples are the non-
atoms. We also describe experimental and theoreticaklativistic [12] and relativistic [13] nonlocal FF and ISF
methods to obtain absolute scattering cross sections at afiHubbellet al. Beyond the IPA, some results for FF and
accuracy of=1%. Our results have broad implications ISF exist [14—16]. Other corrections include the anoma-
for calculations of elastic and inelastic photon scatterindous scattering factor (ASF) for Rayleigh scattering and the
from light elements, which are widely used to deter-coherent nuclear Thomson (NT) amplitude.
mine crystallographic structures and electron momentum Very few experiments have been reported for scattering
distributions. from free atoms [17-20], the case for which cross sections

RelativisticS-matrix calculations of elastic photon scat- are usually calculated. In view of the basic need for
tering have been available for some time [5]. These havaccurate and absolute measurements in free atoms to
mainly been tested by high energy x-piray scattering on assess the importance of various approximations, we have
solid targets composed of heavy elements [6] where thegxplored scattering from neon @° in the 11 to 22 keV
are superior to other, simpler techniques, leading to theirange where sizable differences (up to 16%) between the
wide acceptance as a benchmark [7]. Only recently [8]S-matrix and nonlocal exchange form-factor calculations
has a similar theory been successfully applied to Comptonf the elastic scattering channel exist. As described below,
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the major source of the difference in light elements can be ANL-P-221782
traced to the local exchange approximation with additional gx10°
important contributions arising from electron correlation
and dynamic effects. 4
We measured polarization-independent differential
cross sections in Ne at energies far above khexdge |
(870 eV) and where Compton and Rayleigh scattering
cross sections are comparable. By measuring ratios,
do(Ne)/do(He) and doc(Ne)/dor(Ne), several
difficult absolute measurements were circumvented,
e.g., of x-ray flux and detector efficiency, and it was
thus possible to obtain high accuracy. (In this paper,
dow,doc,doy denote differential cross sections @°
for total, Compton, and Rayleigh scattering, respectively,
anddo = doc + dopg). The ratio of total scattering
in Ne to He is a good test of theory because the He total
scattering cross sections are well described by nonrela-
tivistic, nonlocal ISF [12] over this energy and momentum 8
transfer range. 6
The experiment was performed on a bending magnet 4
beam line (12BM) at the Basic Energy Sciences Synchro- g P
ton Radiation Center (BESSRC) of the Advanced Photon 7 é : !'3 : 1:J : 1|1 : 112 —
Source. Monochromatic x ray@\E/E = 1.4 X 107%) ENERGY (keV)

C!’eated a line source in the gas target Whi?h was vieweElG' 1. Energy spectra in the Si(Li) detector oriented normal
simultaneously by two well-characterized Si(Li) detectors; 1o polarization plane. (a) Background spectrum with empty
[21] placed orthogonal to each other and to the photoRel|, (b) scattering from Ne at 22 keV, and (c) scattering from
beam propagation axis. Polarization-independent crosse at 11 keV. For (b) and (c) decomposition of the Compton
sections are obtained for any polarization state of the inciand Rayleigh cross sections is shown in the dashed lines.
dent beam by averaging the yield in the above geometry.
The detector acceptances were defined by two apertures
and determined though simulation to400° + 3°. Scat- of =2% to the Ne cross sections. The He data exhibit
tered x rays passed througi25.4 mm of gas and 425-u no pressure-dependent effects. The experimental ratios,
Kapton window to the detectors. Gas pressure was meato(Ne)/do(He), are shown in Fig. 2 and Table I.
sured t0=0.25%. The higher harmonics of the incident The experimental statistical errors a®.2%. System-
beam entered only indirectly through run-to-run normaliza-atic errors include (1) variations in backgrourd).2%,
tion, where the use of a low gas ) in the ion cham- (2) extrapolation to zero pressuxe).4%, and (3) run-to-
bers decreased their contributions<t0.7%. run variation in He normalizatior=0.7%. The latter is
Measurements were made at 11, 15, 18, and 22 keV »onsistent with x-ray beam movement-sf0.5 mm.
ray energies, and two pressuresl(and 2 atm) for each The Compton and Rayleigh cross sections were sepa-
gas, Ne and He. Background measurements, Fig. 1(ajated using the well-characterized detector response [21]
taken with an evacuated cell, show no scattered light at thend the 1A Hartree-Fock Compton profiles [22]. The
incident energy (in this case 22 keV). The two features awhole-atom profile was computed as the sum of the
=24 and 25 keV correspond t&i, emission from In and 2s,2p subshell profiles and was then used with the
Sh impurities in the detector. Backgrounds at the othedetector response to generate a Compton line shape. The
energies were very similar in shape. The backgroundamplitudes and positions of the generated Compton and
were scaled and subtracted from the experimental spectfayleigh line shapes were varied in a four-parameter
to produce the spectra shown in Figs. 1(b) and 1(c). fit to the experimental data. Examples of these fits are
The normalized total differential scattering cross sectiorshown in Figs. 1(b) and 1(c). While the overlap between
was obtained vido /dQ « [Y, + Y,]/[IooNFexit]- Yai Compton and Rayleigh scattering is substantial at 11 keV,
are the integrated yields (for detectoks’‘and “b”) cor-  the separation is reliable te8%. The uncertainty in
rected for electronic live time.Joy = (Ip — IpkgAT)Fine doc(Ne)/dogr(Ne) decreases te=2% at 22 keV. These
with I, = integral ion chamber currenl,,, = dark count errors represent the sum of the fitting uncertaifw2%)
rate, andAT = the duration of the run.N is gas den- and the dispersion obtained from fits where the weights
sity and Fi,. (Fexic) = X-ray transmission to the inter- for the individual subshell IA profiles were unconstrained
action region (detectors). Extrapolation from the valueand the parameters describing the detector response were
measured at 1 atm to zero pressure provides correctiovaried within uncertainties established by radioactive
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110 ' ! ; l ' displays the experimental and theoretical results. Note in
TOTAL SCATTERING RATIO . R
sk T~ i the top panel (total scattering cross section) that Hubbell's
Trtoee results are in good agreement with experiment, in contrast
100 e % ___;lr_ ----- to the bottom panel (Compton to Rayleigh ratio). The
} opposite is true for the sophisticated MRFFASF and
0.95 - -

S-matrix results.

The contradiction is resolved by examining the approxi-
mations made in these theories. The “simplest” predic-
tions (Table I, column 6) are obtained from the form factor
and impulse approximations, respectively (using local non-
relativistic IPA bound state wave functions and including

0.90 t

1.15

1.10

Normalized Cross Section Ratios

!
-

1.05

100} ﬁf‘ i e 1 the elastic NT amplitude). The best predictions (Table I,

oos|- L T "f- - column 5) are composite results obtained by correcting the

0.901; . L . L . simplest for five effects (nonlocal exchange, electron corre-
Energy (keV) lation, relativity, dynamics, and Raman scattering). These

FIG. 2. Top: Ratio of total scattering cross section in neoneffects are estimated by considering the various results
to helium normalized to the “best” prediction (see text for within the FF, ISF, and IA approximations and by going
description of best prediction). Bottom: Compton to Rayleighpeyond IA (Compton) and FF (Rayleigh). A perturbative

cross section ratio in neon normalized to the best predictio ; ; ; ; ;
for that ratio. Experiment (flled circles), Hubbell [12] (solid [€9iMe IS assumed in which all corrections are small and
£an be added linearly.

line); the most sophisticated theory for which comprehensiv

tabulations are currently available (MFF ASF for Rayleigh, Table Il shows percentage corrections for our situation.
Hubbell [12] for Compton) (dot-dashed line). Squares showNonlocal exchange corrections are obtained by comparing
S-matrix Rayleigh and agreement with MF= ASF results. the nonlocal FF and ISF of Hubbedt al. [12] with local

potential results; electron correlation effects by compar-

source measurements, He Compton profile fits, anéhg the correlated FF and ISF of Wamg al. [14] with
Rayleigh line shapes in the Ne scattering spectra. Withitdubbell et al. [12], and relativistic effects by comparing
this resolution, Raman scattering from tkie(L) shell is  relativistic and nonrelativistic FF and IA calculations. Dy-
included with the Compton (Rayleigh) cross section. namic effects in the Rayleigh case are given by the ASF

Table | shows experimental and theoretical values foor S-matrix and in the Compton case by a comparison of
the ratio of total scattering in Ne to He and the Ne Comptorrelativistic 1A, S-matrix, and exactA?> calculations per-
to Rayleigh ratio. The theoretical cross sections90t  formed in a common screened central potential, as well
are used since the weighted average over the field of vieas the contribution arising from the - A terms [24] and
(90 + 3°) is identical to~10"3. He cross sections are for the difference between IA and? calculations [25].
from Hubbell et al.[12]. The two columns following Their complex behavior reflects the portion of the Comp-
the experimental result show widely available theoreticaton peak which is kinematically allowed in a given subshell
results: simple scattering factors from Hubbetllal. [12]  at a given energy. Raman scattering is given byAhe
and the most sophisticated theory for which comprehensivealculations.
tabulations are currently available (MFH= ASF [23] for These corrections provide insight into the results given
Rayleigh, Hubbellet al.[12] for Compton). Figure 2 in Table I. In total scattering the corrections are additive

TABLE I. Comparison of experiment and theory. (i) Ratio of total scattering cross sectiong@0°atin Ne to He,
do(Ne)/do(He). (i) Compton to Rayleigh ratio in Nedoc(Ne)/dor(Ne). The theoretical value oflo(He) is from
Hubbellet al. [12]. The headers for columns 3, 4 show the origin of the Rayleigh cross section (upper) and Compton cross section
(lower). Best and simplest theoretical predictions are composite results as described in the text.

E Hubbell MFF + ASF
(keV) Expt. Hubbell Hubbell Best Simplest

() dow(Ne)/do(He)

11 7.31 (10) 7.25 7.83 7.33 7.59

15 5.74 (14) 5.89 6.10 5.92 5.94

18 5.61 (6) 5.60 5.70 5.60 5.58

22 5.49 (10) 5.45 5.50 5.45 5.44
(II) dO’c(Ne)/dO'R(Ne)

11 0.95 (8) 1.03 0.89 0.92 0.91

15 2.06 (9) 2.30 2.06 2.12 2.07

18 3.06 (7) 3.21 2.98 3.03 3.01

22 4.09 (8) 4.30 4.10 4.14 4.19
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TABLE II.

Percentage corrections for (i) Compton and (ii) Rayleigh scattering cross sections in neon for effects beyond the
(i) impulse and (ii) form factor approximations (using local nonrelativistic IPA bound state wave functions).

The additional

effects are nonlocal—use of a nonlocal potential; electron correlation (Cor.)—use of correlated wave functions beyond Hartree-
Fock; relativistic (Rel.)—use of relativistic wave functions and modified form factor; dynamic (Dyn.)—going beyond the form
factor (Rayleigh) or impulse (Compton) approximation; Raman effdctar{d L-shell Raman processes appear with Compton and

Rayleigh cross sections, respectively).

(i) Compton (i) Rayleigh
E Raman Raman
(keV) Nonlocal Cor. Rel. Dyn. K shell Nonlocal Cor. Rel. Dyn. L shell
11 1.4% -3.3% -01% -1.2% 0.0% —9.5% 09% —0.2% 4.8% 0.2%
15 1.1% —-1.0% -0.1% 0.4% 0.0% —6.2% 0.9% —0.4% 3.9% 0.2%
18 0.9% —0.4% -0.1% 0.2% 0.0% —-3.3% 04% —0.4% 3.3% 0.1%
22 0.7% -0.2% -0.1% —-0.6% 0.0% -1.2% 0.1% —0.5% 2.6% 0.1%

and can be significant. The simplest prediction does not
do well at 11 keV. In the ratio of Compton to Rayleigh

cross sections, however, it is the difference between the6]

Compton and Rayleigh corrections that matter, giving rise

to a rough cancellation, so that the best and simplest[

predictions are more in agreement. Neither Hubbell's
tabulation nor the MFF- ASF prediction do well in both
situations at all four energies.

In conclusion, none of the current theories for which nu-

merical values are available can alone properly describgg

x-ray scattering in neon (and presumably in other light
elements).
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